A stable ground state structure with cubic symmetry of Li 3 N (c-Li 3 N) is found by ab initio initially symmetric random-generated crystal structure search method. Gibbs free energy, calculated within quasi-harmonic approximation, shows that c-Li 3 N is the ground state structure for a wide range of temperature. The c-Li 3 N structure has a negative thermal expansion coefficient at temperatures lower than room temperature, due mainly to two transverse acoustic phonon modes. This c-Li 3 N phase is a semiconductor with an indirect band gap of 1.90 eV within hybrid density functional calculation. We also investigate the migration and energetics of native point defects in c-Li 3 N, including lithium and nitrogen vacancies, interstitials, and antisite defects. Lithium interstitials are found to have a very low migration barrier (~0.12 eV) and the lowest formation energy among all possible defects. The ionic conduction in c-Li 3 N is thus expected to occur via an interstitial mechanism, in contrast to that in the well-known α-Li 3 N phase which occurs via a vacancy mechanism.
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I. Introduction
Li 3 N is known for being one of the highest ionic conducting materials. 1 The compound receives much attention due to its possible use as a Li-ion battery solid electrolyte, although the decomposition potential is too low for practical applications. Lithium vacancies in the Li 2 N layer are responsible for the ionic conduction in the material. [1] [2] [3] Li 3 N is considered as a promising material for hydrogen storage as well. 4, 5 The compound is also known to be one of the most ionic nitrides as having nitrogen existing in N 3-state. 6, 7 Li 3 N is well characterized in experiment as possessing a hexagonal structure with layers of Li 2 N intercalated by Li, 8, 9 namely P6/mmm α-Li 3 N. Several theoretical studies have been carried out to investigate the electronic, defect, and transport properties of α-Li 3 N. 2, 3, 7 Recent works show that α-Li 3 N possesses imaginary phonon mode associated to the vibration along the c-axis of Li ion in the Li 2 N plane. 3, 7 This imaginary phonon mode would transform the α-Li 3 N structure to the so-called P-3m1 α'-Li 3 N structure. This transformation gains a very small energy for α'-Li 3 N, -0.3 meV/atom in our calculation or -0.2 meV/atom in previous calculation. 3 The only difference of α'-Li 3 N from α-Li 3 N is that the Li ions in the Li 2 N plane move out of the plane.
The simulated x-ray diffraction patterns of α-Li 3 N and α'-Li 3 N are almost identical and a question on the identification of Li 3 N structure in experiment might be raised. 3 Shen et. al. 10 very recently performed a systematic search for ambient and high pressure stable phases of Li-N binary by ab initio evolutionary algorithm. They found several new stable high pressure Li-N phases and presented a new high pressure phase diagram for Li-N system. At ambient condition, they found a cubic Li 3 N structure having formation energy lower than those of α-Li 3 N and α'-Li 3 N structures.
In this work, we find the same low energy structure of Li 3 N at ambient condition by randomgenerated crystal structure search method. Physical properties of the new Li 3 N structure are intensively and comprehensively investigated. The Gibbs free energy of new Li 3 N and α-Li 3 N structures is calculated by taking into account vibrational entropy and thermal expansion effect within quasi-harmonic approximation. It is interesting that the thermal expansion coefficient of new Li 3 N is negative at low temperature. The defect and migration calculations show that the lithium interstitial is the dominant native defect and its migration barrier is small, suggesting that 3 new Li 3 N could be a candidate for Li-ion conducting materials with interstitial mediated mechanism. The electronic, elastic and mechanical properties of new Li 3 N are also investigated.
II. Computational methods
The first-principles density functional theory (DFT) 11 calculations are performed using Vienna
Ab Initio Simulation Package (VASP) 12 with projector-augmented wave (PAW) pseudopotential method 13, 14 within the generalized-gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof (PBE). 15 The energy cutoff is 550 eV and the Monkhorst-Pack's scheme 16 is used for Brillouin zone sampling. A high-quality k-point grid of 2π×0.025 Å -1 , equivalent to a k-point mesh of 10×10×10 for the below proposed structure, is used in all calculations. A twice denser k-point mesh is used for accurate density of states calculation. All structures are fully relaxed until the forces acting on each atom smaller than 0.01 eV/Å and pressure smaller than 1 kbar. The phonon frequencies are calculated by finite displacement method, 17 as implemented in the Phonopy code, 18 with forces calculated by VASP. The elastic constants are calculated using strain-stress relationship. 19 The band gap is also calculated with the hybrid functional parameterized by Heyd, Scuseria and Ernzerhof (HSE06). 20 The HSE06 functional has the standard mixing coefficient of 0.25 for the Hartree-Fock exchange energy in the exchangecorrelation functional. The crystal structures for the HSE06 calculations are from GGA-PBE calculation. A half dense k-point mesh is used for hybrid functional calculations.
The references for formation energy and free energy calculations are the body-centered cubic Li metal and an N 2 molecule at 0 K. The dielectric constant is calculated by density functional perturbation theory. 21 A 3×3×3 supercell and a 4×4×4 k-point mesh are used in defect calculations for the below proposed structure of Li 3 N. In these defect calculations, the atomic coordinates of defected structures are relaxed while the lattice parameters are kept fixed at the calculated bulk values. The defect formation energy is defined as 22 :
where E tot (X q ) is the total energy of a supercell containing a defect X in charge state q; E tot (bulk)
is the total energy of a supercell of the perfect bulk material; µ i is the atomic chemical potential of species i (with reference to the bulk Li metal and N 2 molecule at 0 K) and n i is the number of We list in Table I 
B. Thermodynamic, dynamic and mechanical stabilities
We calculate the phonon spectrum of c-Li 3 N to investigate its dynamical stability. Figure 2 shows the phonon spectra of c- 
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calculated from elastic constants using the Voigt-Reuss-Hill approximation. 27 We find that the elastic constants of c-Li 3 N satisfy the following Born stability criteria 28 :
C 11 -C 12 > 0, C 11 + 2C 12 > 0, C 44 > 0.
The c-Li 3 N structure is thus mechanically as well as dynamically stable. We note that in our calculations the elastic constants of both α-and α'-Li 3 N satisfy the corresponding Born stability criteria for the hexagonal crystal. We also perform Gibbs free energy calculation for c- 
expansion coefficient to a desired value for using in applications like high precise optical mirrors, fiber optic systems, electronics, low temperature sensing or even in dental fillings. 30, 31 Our mode Grüineisen parameter calculations for different phonon modes show that two transverse acoustic phonon modes have much more negative Grüineisen parameters than other phonon modes. The mode Grüineisen parameters of these two transverse acoustic phonon modes along the q-path from Γ to X points are negative and can be as low as -41. At low temperatures where only acoustic modes are excited, the negativity of mode Grüineisen parameters of these two acoustic modes is mainly responsible for the negative thermal expansion of c-Li 3 N. The Lithium migration in c-Li 3 N is investigated using the climbing-image nudged elastic-band method (NEB). 37 The NEB calculations are performed with a same 3×3×3 supercell with that of defect calculations. 
